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Summary & Conclusions — Accelerated tests are used

- to obtain timely information on product-life or performance-

degradation over time. Test units are used more frequently
than usual or are subjected to higher than usual levels of accel-
erating variables like temperature & voltage. Then the results
are used, through an appropriate physically-based statistical

" model, to make predictions about product life or performance

over time, at the more moderate use-conditions. The extrap-
clative predictions inherent in the use of accelerated testing
raise serious concerns, and the use of accelerated testing has

"many dangerous pitfalls. This paper warns potential users

about some of these pitfalls.

_ 1. INTRODUCTION
Acronyms! :
- ALT - accelerated life test(ing)

IC  integrated circuit

ML maximum likelihood

UV ultra-violet

ALT can be useful for cbtaining timely information
about materials & products. Refs [5 - 7], etc describe
applications, models, statistical methods, and examples,
There are, however, many important potential pitfalls that
could cause an ALT to lead to seriously incorrect conclu-

sions. Users of ALT should be careful to avoid these pit-

falls.

4 .. 2. PITFALL1
. Multiple (Unrecognized) Failure Modes

., High levels of accelerated variables or stresses, like tem-
perature or voltage, can induce failure modes that would

. not be observed at usual operating conditions In some

cases, new failure modes result from a fundamental change

in the mechanism causing the material or component to

degrade or fail. For example, instead of simply acceler-
ating a failure-causing chemical process, increased tem-
perature can actually change certain material properties,
eg, cause melting, In less extreme cases, high levels of

YThe singular & plural of an acronym are always spelled the same.

an accelerating variable changes the relationship between
life and the variable, eg, life at high temperatures migh:
not be linear in inverse absolute temperature, as predicted

. by the widely-used Arrhenius relationship. This ean re-

sult when different underlying failure-causing mechanisms
are affected differently by temperature, eg, when different
chemical reactions have importantly different activation
energies.

1f new, different failure modes arise at higher levels of an
accelerated variable, and if the new failure modes are rec-
ognized, the new failure modes can, in some situations, be
accounted for in the data analysis. If the potential failur-
times for the different failure modes are s-independent, eg,
because they are caused by different faiture mechanisms,
one can treat the failure time for the new failure modes
as censored observations. Ref [6: chapter 7] gives several
examples. In such cases, however, the resulting censoring

‘can severely limit the information available on the failure

mede of interest. If other failure modes are present but
not recognized in data analysis, seriously incorrect conclu-
sions are possible, especially if the different failure modes
are accelerated differently, eg, temperature affects one fail-
ure mechanism much differently than the others.

3. PITFALL 2
Failure To Quantify Uncertainty Properly

It is important to recognize that there is uncertainty in
statistical estimates. Basing decisions on point estimates
alone can, in many applications, be seriously misleading.
Standard s-confidence bounds quantify uncertainty aris-
ing from limited data and refiecting knowledge of assumed
inputs.

For example, [5: chapter 19] describes the analysis of
accelerated life test data for a new-technology IC de-
vice. Figure 1 is a lognormal probability plot reflecting:
a) failures observed at 250°C and 300°C (no failures had
been observed at 150°C, 175°C, or 200°C), b) an estimate
of F(t), the lognormal Cdf, and c) a set of approximate
95% s-confidence intervals for F(f). For this discussion
we ignore the indication that the lognormal shape param-
eter might have changed from 250°C to 300°C: but see
[5: sections 19.3.2 & 22.2] for further discussion of this

© 1998 John Wiley & Sons, Inc. Reprinted by permission from John Wiley & Sons, Inc.
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Figure 1: Lognormal Probability Plot #1 for a New-
Technology IC

These curves/plots show the ML estimates for F(t) along
with a set of approximate 95% s-confidence intervals (dot-
ted line) for F(t)-at 100°C based on the Arrhenius-lognormal
model.

point. The s-confidence intervals in figure 1 indicate an

enormous amount of uncertainty in life at 100°C, due to

the: a) small sample size, b) small number of failures, and
c) large amount of extrapolation in temperature when ac-
tivation energy is estimated from the available data.

The corresponding analysis shown in figure 2 uses a
given value of activation energy for the life-temperature
relationship. Because the activation energy is not known
exactly, the precision exhibited in this plot is too tight. For
many applications, neither of these extremes could provide
a proper quantification of uncertainty. A Bayes? analysis
that uses a probability distribution to quantify the uncer-
tainty in prior information would provide an appropriate
compromise for situations where there is useful well-know
prior information about activation energy [5: chapter 22].
Such information could be available from careful experi-
ence with the same failure mechanism.

It is important to remember that s-confidence bounds do
not account for model uncertainty (which can be tremen-
dously amplified by extrapolation in accelerated testing).
In general, performing sensitivity analysis is very impor-
tant in any quantitative analysis involving uncertainty and
is particularly useful for assessing the effects of mode] un-
certainty. For example, one can re-run analyses under dif-
ferent assumed models to see the effect that different model

2The reader is reminded of the philosophical differences between
classical & Bayes probability theory. In the former, the probability
is used to model the relative frequency of an event, whereas in the
latter, the probability iz used to model the user’s degree-of-beliel
that the event will occur. Thus, in a classical interval estimate, the
s-confidence level telates to the frequency with which the estima-
tor produces intervals that cover the true mean, while in the Bayes
paradigm, the b-credibility level relates fo the user’s degree-of-belief
that the true mean lies in the interval,

Figure 2:  Lognormal Probability Plot #2 for a New-
Technology IC

These curves/plots show the Arrhenjus-lognormal model ML
estimates and a set of approximate 95% s-confidence intervals
for F(t) at 100°C, with given E, = 0.8 eV.

assumptions have on bottom-line conelusions.

4. PITFALL 3
Multiple Time-Scales and Multiple Factors
Affecting Degradation

In any life-data reliability-analysis problem it is impor-
tant to consider carefully the appropriate time-scale to use
for the analysis. See Ref [5: section 1.3.4] for further dis-
cussion & references. These issues become even more im-
portant with accelerated testing. Common acceleration-
methods might not accelerate all time scales simultane-
ously. For example, in an accelerated test to estimate the
life-time characteristics of a composite material, chemical
degradation over time changes the material ductility. Fail-
ures, however, are actually caused by stress cycles during
use, leading to initiation and growth of cracks. But the
effect of cycling depends on the material duetility.

An incandescent light bulb generally fails when its fila-
ment breaks. During burn time the bulb’s filament goes
through a sublimation process, eventually leading to fail-
ure. There are, however, other factors that can shorten a
bulb’s life. In particular, on-off cycles can induce both
thermal & mechanical shocks that can lead to fatigue
cracks in the filament. Thus the on-off frequency also af-
fects bulb life. Accelerating only the burn time, eg, by
testing at higher voltage, might give misleading predic-
tions of life in an environment with many on-off cycles.
Relatedly, light bulbs operated in an environment with
physical vibration, eg, in automobiles, on large ships, or
in a motorized appliance, often exhibit shorter lives — de-
pending on the frequency & amplitude of the vibrations
as well as the bulb’s design. '
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The degradation of paints & coatings depend on sev-
eral factors relating to time scales. Most coatings degrade
chemically over time. UV light accelerates the degradation
process of many kinds of coatings, as does temperature.
The number of wet-dry cycles is also important to coat-
ing life, but generally relates to a separation or peeling
failure-mode that is different from (but perhaps related
to) the chemical degradation mechanism. Each of these
experimental variables, and each failure mode, has its own
underlying time-scale. Similarly, there is a mixture of use
conditions in the field, eg, some automobiles are driven in
the north and some in the south; some spend substantial
time in direct sunlight, others do not.

In simple accelerated tests, where the distribution of
use conditions is given, one might be able to accelerate
time scales in appropriate proportion(s). In other applica-
tions, it is necessary to use a multiple-variable accelerated
test, eg, varying temperature, humidity, and UV exposure.
What is really needed (but usually difficult or expensive
to determine in practice) is an adequate physical model to
describe the relationship among these variables and degra-
dation and life.

5. PITFALL 4
Masked Failure-Mode

Figure 3 shows a graph of what might illustrate the re-
sults of a typical accelerated life test if there were just a
single failure mode and if increased temperature acceler-
ated that failure mode in a simple manner, described by
the Arrhenius relationship.
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Figure 3: Possible Results for a Temperature-Accelerated
Faifure Mode on an IC

It is possible that such an accelerated test, while focus-
ing on one known failure mode, might mask arother! Fig-
ure 4 illustrates this, and shows that it is often the masked
failure mode that is the first one to show up in the field.
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In such cases, the masked failure modes often dominates
reported field failures.
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Figure 4: Unmasked Failure-Mode #2 With Lower Activation
Energy

6. PITFALL 5
Faulty Comparison

It is sometimes claimed that accelerated testing is not
really useful for predicting reliability, but is useful for com-
paring alternatives, eg, alternative designs, or vendors.
Consider comparing similar products from two different
vendors. The thought behind this claim is that laboratory
accelerated tests generally cannot be expected to approxi-
mate actual use conditions adequately, but that if vendor-
1 is better than vendor-2 in an accelerated test, than the
same would be true in field use, as illustrated in figure 5.
ALT for comparison are, however, subject to some of the
same difficulties as other ALT. -
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Figure 5. Well-Behaved Comparison of 2 Products

In particular, consider the results depicted in figure 6,
where, vendor-1 had longer life at both of the accelerated
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Figure 6: Comparison with Evidence of Different Failure
Modes

test conditions, but the prediction at use conditions sug-
gested that vendor-2 would have higher reliability. An
important decision on the basis of limited results in this
ALT would be, at best, difficult to justify. Tt would be
most important to find out why the slopes are different
and to understand the life-limiting failure modes at use
conditions, If the failures at the use conditions are not
the same as those at the accelerated conditions, then the
ALT results would be wrong. Also, the early failures for
vendor-2 might be masking the failure mode in the test
results for vendor-1. One cannot, in general, use an ALT
to compare products that have different kinds of failure
modes.

7. PITFALL 6
Accelerating Variables Can Cause Deceleration!

In some cases it is possible that increasing what is
thought to be an accelerating variable will actually cause
deceleration! For example, increased temperature in an
“accelerated” circuit-pack reliability audit predicted few
field failures. The number of failures in the field was much
higher than predicted because the increased temperature
resulted in lower humidity in the “accelerated” test and the
primary failure mode in the field was caused by corrosion
that did not occur at high temperature and low humidity,
It is for this reason that in most accelerated tests of elec-
tronic equipment, both temperature & humidity need to
be controlled.

In a similar application, a higher-than-usual use-rate
for a mechanical device in an accelerated test inhibited
a corrosion failure mechanism. That corrosion eventually
caused a serious field problem that was not predicted by
the accelerated test,.

In an accelerated test of a newly designed automobile
air conditioner, the reliability, based on a set of constant-
run accelerated life tests, was predicted to be very high
over a 5-year period. However, after 2 years, a substan-

tial fraction of the in-service air conditioners failed due
to a drying-out material degradation. These failure were
caused by lack of use in winter and were never seen in the
continuous accelerated testing.

8 PITFALL 7 .
Beware of Untested Design/Production Changes

A new electro-mechanical device was to be used in a
system designed for 20 years of service in a protected envi-
ronment. An accelerated test of the device was conducted
and this test “demonstrated” 20-year life (no more than
10% failing) under usual operating conditions (typical use
rate). After the accelerated test, and as the product was
going to production, a material change was made by the
device vendor. The change lead to a materjal-degradation
failure mode that caused (or would have caused) all in-
service units to fail within 10 years, Eventually, all in-
stalled devices had to be replaced.

. 9. PITFALL 8 .
Beware of Drawing Conclusions on the Basis_ of
Specially Built Prototype Test Units

Seriously incorrect conclusions can result from an ac-
celerated life test if the test-units differ importantly from
actual production-units. For example, factory manufac-
turing conditions are different than those in a laboratory.
Cleanliness & care in building prototype vs production
units can differ substantially. Material & parts in pro-
totype units might differ from those that will be used in
production. Highly trained technicians might build proto-
type units in a manner differing from, and using different
tools than, the factory workers.

As much as possible, test units for an accelerated test
should be taken from actual or simulated production con-
ditions using the same raw materials, parts, ete, that will
be used in actual production, Manufacturing processes
should match, as close as possible, those that will be used
in actual manufacturing to reflect variabilities that are
present in actual production. ’ .

In one situation, an accelerated test was conducted on
12 prototype units. The units contained epoxy that had
to be cured in an oven for a specified amount of time, The
product passed its accelerated test with a safe margin, In
actual manufacturing operations, however, the curing pro-
cess was not well controlled. Uncured epoxy can be highly
reactive. For this product, a substantial proportion of in-
stalled units eventually failed prematurely due to corrosion
caused by improperly controlled curing,

10. PITFALL 9 .
It Is Difficult to Use Accelerated Life Tests |
to Predict Field Reliability

Laboratory accelerated tests are generally run at care-
fully controlled conditions. In some cases, however, there
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is unanticipated variability in experimental conditions, eg
[3]. In many applications, field environment is anything
but carefully controlled. For example outdoor weathering
highly depends on theé variable environmental conditions,
eg, paints and coating subjected to UV radiation, varying
temperature, humidity, as well as harmful chemical com-
pounds in acid rain. In general, laboratory accelerated
testing has not been useful for predicting the life of paints
& coatings in outdoor environments. The industry still
depends heavily on the use of expensive longer-term out-
door testing. Ref [4] discusses these issues, One possible
reason for this difficulty is that, in general, substituting
average environmental conditions into one’s ALT model
will NOT provide an adequate prediction of field reliabil-
ity. The variability in environmental conditions itself can
have a seriously detrimental effect on product reliability.

11. CONCLUDING REMARKS

Individuals involved in testing materials & compo-
nents to get information on durability and life-distribution
characteristics are generally seeking sensible, appropri-
ate methods for accelerated testing. Pressure to further
shorten product development cycle times is increasing the
need for accelerated testing. Many instructors of elemen-
tary statistics courses make a strong, correct, statement
that extrapolation is dangerous. In accelerated testing,
however, all or most desired conclusions require extrapo-
lation out-side of the range of the available data. Users and
potential users of accelerated test methods must, therefore,
use extreme caution. As stressed in {1], the fact that ac-
celerated testing is the only game-in-town is not sufficient
to warrant its use (and potential misuse). Appropriate
use of accelerated test methods requires careful considera-
tion (theoretical & experimental) of the underlying failure
mechanisms and the effect that potential accelerating vari-
ables will have on these mechanisms, Also see {2).
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